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Abstract—Primary photoisomerization reactions of the retinal protonated Schiff base (RPSB) inside type I
and type II rhodopsins are ultrafast and exhibit high quantum yields. Specific protein environments are
thought to facilitate photoisomerization of RPSB; however, the detailed mechanisms of tuning the reaction
timescales and specificity are far from being understood. Here, by using molecular dynamics simulations and
large-scale XMCQDPT2-based QM/MM modeling, we gain insight into the role played by the protein envi-
ronment in specific photoisomerization of RPSB from all-trans to 13-cis in microbial rhodopsin KR2 and
from 11-cis to all-trans in bovine visual rhodopsin. By analyzing the calculated vibronic band shapes, we
explore the early-time excited-state dynamics of RPSB in both types of rhodopsins. We show that the protein
environment changes vibrational modes, which become excited following the S0–S1 transition, by pre-twist-
ing the chromophore about a certain double bond in the ground electronic state. This reduces a barrier that
hinders intramolecular rotation in the excited state, thus facilitating photoisomerization across the specific
double bond. Moreover, pre-twisting of RPSB also provides conditions for initial in-phase excitation of the
fundamental vibrational modes involved in the reaction coordinate, enabling vibrationally coherent barrier-
less excited-state decay in the photochemistry of vision.

Keywords: microbial rhodopsin KR2, bovine visual rhodopsin, photoisomerization, retinal, multiconfigura-
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INTRODUCTION
Eukaryota, Archaea and Bacteria use the photore-

ceptor proteins, rhodopsins, for a variety of biological
functions. Rhodopsins are classified into two groups,
animal and microbial rhodopsins. Type I or microbial
rhodopsins perform several functions and include
light-driven ion pumps, light-gated ion channels, and
photosensory receptors. Type II or animal rhodopsins
are the main drivers of vision [1].

The chromophores of microbial and animal rho-
dopsins are all-trans and 11-cis retinal, respectively,
which are covalently attached to a lysine residue via a
protonated Schiff base linkage (RPSB). The primary
photochemical reaction is RPSB photoisomerization
from all-trans to 13-cis in microbial rhodopsins and
from 11-cis to all-trans in animal rhodopsins [2] (see
Scheme 1).

Various factors affect vertical excitation energies of
RPSB. One of the main factors are the length of the π-
conjugated polyene chain and the protonation state of
RPSB [3]. Most microbial and animal rhodopsins
have absorption maxima in the range of 520–580 and
480–525 nm, respectively [4]. The difference in the
absorption maxima of RPSB in various rhodopsins is

also associated with the ability of the protein environ-
ment to tune the spectroscopic properties of the chro-
mophore. The protein environment alters the spectral
properties of RPSB through electrostatic and steric
interactions with the chromophore, as revealed in a
number of theoretical [5–11] and experimental studies
[5, 12–17]. The sensitivity of RPSB to the electrostatic
interactions is associated with a charge-transfer char-
acter of the first optically bright excited state. Upon
absorption of a photon, the electron density shifts
from the β-ionone ring to the nitrogen atom of RPSB
[18]. In microbial and animal rhodopsins, the posi-
tively charged nitrogen atom of RPSB interacts with a
negatively charged counterion, and this interaction
leads to the stabilization of the ground electronic state
of the chromophore and results in a blue shift of the
absorption maximum [19, 20]. Negatively charged
amino acid residues located near the β-ionone ring
lead, on the contrary, to the stabilization of the excited
electronic state and results in a red shift of the absorp-
tion maximum [20]. In addition to the electrostatic
factors, the absorption spectra of RPSB in various
rhodopsins are influenced by its conformation, which
can become twisted due to steric hindrance imposed
by the protein environment. In microbial rhodopsin
407
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KR2 and bovine visual rhodopsin, RPSB is in the 6-s-
trans [21] and 6-s-cis [22] conformations, respectively,
while the 6-s-cis conformer is stable in solution [23].
The 6-s-cis conformation of RPSB leads to a partial
disruption of the conjugation between the β-ionone
ring and the retinal polyene chain. In microbial rho-

dopsins, the 6-s-trans conformation, on the contrary,
does not break the conjugation of the β-ionone ring
with the retinal polyene chain. The extended π-conju-
gation in microbial rhodopsins, therefore, results in a
red shift of the absorption maximum compared to that
of animal rhodopsins.

The primary photoisomerization reaction in rho-
dopsins is one of the fastest biological processes,
which occurs on an ultrafast, sub-picosecond times-
cale with high quantum yields. The first discovered
microbial bacteriorhodopsin serves as a proton pump
in the archaeal membrane of Halobacterium salinarum
and contains all-trans RPSB, which isomerizes upon
photoexcitation from all-trans to 13-cis with high
quantum yield (64%) and speed (500 fs) [24–26]. The
first light-driven sodium-pump microbial rhodopsin
KR2 from Krokinobacter eikastus has been discovered
only recently [27]. It undergoes photoisomerization in
180 fs, which is almost three times faster than in bac-
teriorhodopsin. It is generally accepted that the inter-
action of RPSB with the protein environment acceler-
ates photoisomerization, and this reaction takes about
2–10 ps in solution [25, 28, 29]. In solution, both
11-cis and 13-cis RPSB isomers are formed with quan-
tum yields of 10–30% [25, 28, 30, 31].

Bovine visual rhodopsin (Rh) located in the mem-
brane of light-sensitive rod cells is responsible for twi-
light vision in animals. It has an isomerization time of
200 fs [32–34] and a quantum yield of 65%. The 11-cis
isomer of RPSB isomerizes much faster than the all-trans
isomer in MeOH solution, but also exhibits a slow com-
ponent with a characteristic timescale of 4 ps [35–37].

Photoisomerization of RPSB has also been consid-
ered in the gas phase, devoid of any external perturba-
tions [38, 39]. The gas-phase studies are important as

they provide a reference for studying the effect of dif-
ferent environments on the photophysical properties
of RPSB, for example, on quantum yields and excited-
state lifetimes. The reason for the lack of studies in this
area is the complexity of the experiment, which
requires very low concentrations of the chromo-
phores in the gas phase, being an order of magni-
tude lower than those in solutions. The recent paper
reports an experimental study of the photoisomeri-
zation dynamics of 11-cis and all-trans isomers of
RPSB using time-resolved action absorption spec-
troscopy [40]. The experimental results have been
supported by the high-level ab initio calculations
at the XMCQDPT2/SA-CASSCF(12/12)/cc-pVDZ
level of theory. It has been found that 11-cis RPSB
undergoes almost barrierless isomerization, which
occurs on a timescale of 400 fs, while all-trans RPSB
shows barrier-controlled slow isomerization with a
3 ps time constant.

Therefore, both the all-trans and 11-cis RPSB
chromophores show the sub-picosecond photoisom-
erization dynamics inside type I and type II rhodop-
sins, while their dynamics in solution is multi-expo-
nential, with a slow picosecond component. At the
same time, in the gas phase, the 11-cis isomer of RPSB
exhibits the rate and selectivity of the photoisomeriza-
tion reaction, which are comparable to those of 11-cis
RPSB in visual rhodopsin. On the other hand, all-
trans RPSB isomerizes by an order of magnitude
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Scheme 1. Photoisomerization reactions of RPSB in type I and type II rhodopsins.
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slower in the gas phase than in the protein environ-
ment, and photoisomerization proceeds across a dif-
ferent double bond in the polyene chain. Therefore,
the protein environment unambiguously influences
the dynamics of RPSB photoisomerization and
enables the high speed and selectivity of this reaction
in rhodopsins.

Several theoretical [41] and experimental [42, 43]
studies have been devoted to the explanation of the
influence of the protein environment on the RPSB
photophysical properties. It has been established that
point mutations of the negatively charged counterions
of RPSB and the nearest charged amino acid residues
located in the retinal-binding pocket to their neutral
analogues slow down the photoisomerization reaction
[42]. This effect is partly due to the fact that a number
of charged amino acid residues maintain an ionized
state of the RPSB counterion, which is important for
the photoisomerization process. The impact of elec-
tron-donating and electron-withdrawing substituents
introduced into the chemical structure of the chromo-
phore in Dronpa2 on its photoisomerization barriers
has been studied in detail [44]. It has been shown that
the barriers are sensitive to such substitutions, since
the excited state has a charge-transfer character that
can be controlled by the external field. Steric hin-
drance and, in particular, pre-twisting of RPSB in the
protein are also found to be important for ensuring
high quantum yields and speed of the photoisomeriza-
tion reaction [41, 43].

To date, a wide range of experimental and theoret-
ical data has been accumulated, indicating the influ-
ence of the environment on the photophysical and
photochemical properties of RPSB, which differ in the
gas phase, solution, and proteins. It is mostly the pro-
tein environment that enables the high speed and
specificity of the RPSB photoisomerization. Remark-
ably, type I and type II rhodopsins are striking exam-
ples of evolutionary convergence. They differ in many
structural and mechanistic details and, most notably,
they utilize different isomers of RPSB as their dark-
adapted forms. However, type I and type II proteins
from separate origins have been selected twice to be
especially suited to photosensitive functions. To
understand the role played by the proteins in specific
photoisomerization of RPSB, it is important to com-
pare the characteristics of this process in different
environments. Here, by using high-level ab initio cal-
culations, we compare the early-time photoinduced
dynamics of RPSB in microbial rhodopsin KR2,
bovine visual rhodopsin, and in isolated all-trans and
11-cis isomers.

METHODS

Molecular Dynamics

Full atomistic models of the KR2 protein and
bovine visual rhodopsin in solution were obtained
MOSCOW UNIVERSITY CHEMISTRY BULLETIN  Vol.
based on the X-ray structures with PDB ID 6REW
[45] and PDB ID 1L9H [46], respectively. Coordi-
nates of missing hydrogen atoms were added based on
residue topologies. His residues were considered neu-
tral with ε-nitrogen protonated. The structures were
placed in a water box containing ~30000 water mole-
cules. Geometry optimization of the solvated model
systems was performed (2000 steps) followed by con-
stant-temperature and constant-pressure NPT MD
simulations with the CHARMM36 [47] force field
parameters. The retinal parameters were obtained
from Hayashi et al. [48, 49]. Water molecules were
described with the TIP3P parameters [50]. Periodic
boundary conditions were applied. The equilibration
temperature was set to 300 K using the Langevin ther-
mostat and the pressure was set to 1 atm using the
Langevin piston Nosé–Hoover barostat. The particle
mesh Ewald method was applied for treating long-
range electrostatic interactions. The simulations were
carried out with a 1 fs integration step for 40 ns. Then
the temperature of the system was gradually lowered to
20 K in steps of 1 K during 1.06 ns. The final MD
geometry was then obtained by performing energy
minimization during another 10000 steps. The atom-
istic models of KR2 and bovine rhodopsin in aqueous
solution were constructed using the VMD program
[51]. The program NAMD was used to run MD simu-
lations [52].

Ground-state QM/MM Calculations

The size of the MD annealed model systems was
reduced for subsequent combined hybrid quantum
mechanical/molecular mechanical (QM/MM) calcu-
lations. This was achieved by removing water mole-
cules, which were farther than 2.4 Å from the protein
surface. Each of the reduced systems contained about
480 water molecules, and the total number of atoms,
including the protein, was ~5800. The RPSB chromo-
phore together with the nearby amino acid residues con-
stituted the QM part (see Fig. 1). The ground-state
geometry optimization was performed within a mechan-
ical embedding QM/MM scheme using ~1500 basis
functions at the PBE0/(aug)-cc-pVDZ level of theory
and modified AMBER [53] force field parameters.
Diffuse functions were only affixed to the oxygen
atoms. In the mechanical embedding QM/MM
approach, restrictions were imposed on the geometry
of the QM part, and interactions between the QM and
MM parts were described using a classical MM force
field. The current choice of the QM part correctly
accounted for all interactions of the chromophore
with the key residues, such as hydrogen bonding and
short-range repulsion, treating the entire binding
pocket at a sufficiently high level of theory. Additional
constraints were imposed on the outer part of the pro-
tein, located more than 7 Å apart from the chromo-
phore, which was kept fixed during the QM/MM opti-
mization procedure.
 76  No. 6  2021
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Fig. 1. Optimized structures of the active centers of KR2 rhodopsin derived from PDB ID 6REW (a), visual rhodopsin derived
from PDB ID 1L9H (b) and isolated all-trans (c) and 11-cis (d) RPSB isomers. Highlighted with white are the torsion angles for
rotation about the C13–C14 bond (a, c) and the C11–C12 bond (b, d). All distances are shown in Å.
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Partial vibrational analysis was carried out within
the framework of the same QM/MM approach, in
which the second derivatives of the total QM/MM
energy with respect to nuclear coordinates of RPSB
and the side chain of Lys255 (in the case of KR2) or
Lys296 (in the case of Rh) were calculated. The par-
tially evaluated Hessian matrix was diagonalized, and
its all positive eigenvalues (real frequencies) ensured
that located QM/MM stationary points were true
minima on the ground-state potential energy surface.

For all electronic structure calculations Firefly, ver-
sion 8.2.0 [54], partially based on the GAMESS (US)
source code [55], was used. The QM/MM functionality
in Firefly is based on the integrated version of the Tinker
Molecular Mechanics Package, version 3.7 [56].

Excited-state QM/MM Calculations
Vertical excitation energies were calculated in the

optimized QM/MM structures, using the extended mul-
ticonfiguration quasi-degenerate perturbation theory
(XMCQDPT2) [57] within the XMCQDPT2/SA-
CASSCF(12,12)/(aug)-cc-pVDZ approach combined
with the effective fragment potential (EFP) method
[58] for treating the protein environment. The same
QM parts were used for the excited-state QM/MM
calculations. Only monopoles (partial point charges)
of the MM part were included in the effective poten-
MOSCOW UNIVERS
tials, borrowed from the AMBER force field, i.e. the
electrostatic embedding QM/MM scheme was
applied. This method enabled polarization of the QM
electron density in the field of the protein.

The reference wave functions of the ground state
and the target excited states were constructed within
the complete active space self-consistent field
(CASSCF) method, with the active space (12,12)
comprising 12 electrons distributed over 12 orbitals.
All valence orbitals of the π-type were included in the
active space. A state-averaging (SA) procedure was
applied. Three lowest-lying CASSCF states were
included in the SA procedure. The XMCQDPT2
effective Hamiltonians were constructed in the frame
of the reference spaces spanned by 7 CASCI zero-
order wavefunctions.

Excited-state gradient calculations were performed
at the same level of theory, XMCQDPT2/SA(3)-
CASSCF(12,12)/(aug)-cc-pVDZ. The effective
Hamiltonians were constructed in the frame of the ref-
erence spaces spanned by three CASCI zero-order
wave functions.

Simulations of Photoabsorption Profiles

The S0–S1 temperature-dependent Franck–Con-
don profiles of RPSB inside the protein environment
ITY CHEMISTRY BULLETIN  Vol. 76  No. 6  2021
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were calculated using the double harmonic parallel
mode approximation based on direct evaluation of the
overlap between vibrational wavefunctions in the S0 and
S1 states. The origin shifts along normal modes of RPSB
inside the protein environment (63 atoms and 183 nor-
mal modes) were calculated in the harmonic approxima-
tion based on the excited-state XMCQDPT2/
CASSCF(12,12)/(aug)-cc-pVDZ//EFP gradient cal-
culated at the Franck–Condon point. The final
excited-state gradient was corrected by subtracting the
ground-state gradient calculated at the same level of
theory.

The original program (VibroniX) was used for calcu-
lating the photoabsorption profiles. The maximum
vibrational excitation energy in S1 was set to 10000 cm–1.
A maximum of 50 vibrational levels of each mode was
considered in the ground electronic state occupied
according to the Boltzmann distribution, and the level
of excitation for each mode did not exceed 11. These
parameters ensured that all relevant vibronic exci-
tations were included, so that the sum of transition
probabilities for each mode was equal to 1. The final
spectral shapes were obtained by convoluting the cal-
culated stick spectra with Gaussian functions. The
method was previously applied for calculating vibronic
band shapes of biological chromophores in various
environments [59–61].

RESULTS AND DISCUSSION

Ground-state Structural and Vibrational Analysis

The structures of the QM/MM optimized active
centers of the rhodopsins are shown in Fig. 1. In
microbial rhodopsin KR2, the dihedral angle around
the C13–C14 bond (Fig. 1a) is 152°, and the dihedral
angle around the C11–C12 bond (Fig. 1b) is 164.5° in
bovine visual rhodopsin. At the same time, the confor-
mation of RPSB is planar in the gas phase (Figs. 1c, 1d).
The deviation of these angles from planarity is partly
due to the presence of a strong hydrogen bond between
the protonated Schiff base of retinal and its counter-
part, Asp116, in the case of rhodopsin KR2, and its
counterion, Glu113, in the case of bovine visual rho-
dopsin.

The calculated harmonic frequencies of RPSB
inside visual rhodopsin (Table 1), scaled with a coeffi-
cient of 0.953, are in good agreement with the previ-
ously calculated values [62] and with the experimental
data on low-temperature Raman spectroscopy [63].
The calculated frequencies of RPSB inside rhodopsin
KR2 also correlate well with the experimental data on
IR [64], FTIR [65, 67], and Raman spectroscopy [68,
69] (Table 1). This supports the full atomistic models
of KR2 and visual rhodopsin derived and used in the
present study.
MOSCOW UNIVERSITY CHEMISTRY BULLETIN  Vol.
Analysis of the S0–S1 Photoabsroption Profiles
The calculated photoabsorption profiles of RPSB

in the proteins are shown in Fig. 2. The Franck–Con-
don vibronic band shapes are calculated using the
double harmonic parallel mode approximation with
unscaled frequencies, neglecting anharmonicity of
large amplitude soft modes, since these soft modes are
inactive in the primary photoreaction. The calculated
band shapes fully account for total widths of the exper-
imental [70, 71] photoabsorption spectra. The major
contribution to the width comes from high-frequency
modes, in particular, from the active C=C stretch
modes, while those with low frequencies promote
spectral blurring.

The protein environment and the retinal confor-
mation affect both the intensity and the number of
high-frequency Franck–Condon active vibrational
modes. In the KR2 rhodopsin, the C=C stretch mode,
which is predominantly localized on the C13–C14 bond
with a frequency of 1609 cm−1, is the most active upon
the S0–S1 transition. In Fig. 2a, the peaks, which cor-
respond to the 0–1 and 0–2 vibronic transitions of this
mode, are indicated by numbers  and , respec-
tively. The adiabatic 0–0 transition is denoted as .
The stick spectrum of bovine visual rhodopsin looks
similar to that of KR2 (Fig. 2b), but there is an import-
ant difference. In visual rhodopsin, the most active
high-frequency Franck–Condon mode is the one
localized on the C11–C12 double bond with a fre-
quency of 1636 cm−1. The peaks, which correspond to
the 0–1 and 0–2 vibronic transitions of this mode, are
indicated by numbers  and , respectively.

Huang–Rhys factors, which are defined as squares
of origin shifts in dimensionless normal coordinates
divided by a factor of two, are useful in determining a
relative activity of the modes upon photoabsorption.
Figures 3a, 3b show the Huang–Rhys factors for micro-
bial and visual rhodopsins, respectively. These spectra
show that the hydrogen-out-of-plane (HOOP) modes
also gain intensity inside both protein environments,
whereas they are completely inactive for the all-trans
and 11-cis isomers in the gas phase (Figs. 3c, 3d). The
HOOP modes are associated with the H atom vibra-
tions at the C14 atom in KR2 rhodopsin and with H
atom vibrations at the C11 and C12 atoms in bovine
visual rhodopsin.

The most active modes in these proteins are the
high-frequency C=C stretch modes localized on the
double bonds, which are mentioned above. The com-
parison of the Huang–Rhys factors of RPSB in the gas
phase and inside the proteins shows that for both iso-
mers in the gas phase, the Huang–Rhys factors of the
stretching vibration along the C13–C14 bond and along
the C11–C12 bond are nonzero; however, their overall
intensity is lower by a factor of two. The protein envi-
ronments selectively increase the intensity and the
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Table 1. Experimental and calculated frequencies (cm−1) of selected modes of RPSB in the retinal-binding pocket of KR2
rhodopsin and visual rhodopsin. Scaled frequencies with a factor of 0.953 are marked with an asterisk

Type I rhodopsin (KR2) Type II rhodopsin (visual)

assignment experimental calculated assignment experimental calculated

C14 HOOP 877 [69] 905/862* C11H=C12H HOOP 970 1065/1015*
C13=C14 stretch 1532 [68], [69], [65], [64] 1609/1533* C10–C11 stretch 1097 1133/1080*
N–D stretch 2095 [66], [67] 2084/1986* C14–C15 stretch 1189 1265/1206*
C10–C11 stretch 1169 [66] 1210/1153* С11=С12 stretch 1551 1636/1559*
C14–C15 stretch 1203 [66] 1243/1185* C15–NH stretch 1655 1746/1664*
corresponding Huang–Rhys factors for only one C=C
stretch mode. In rhodopsin KR2, the most active mode
becomes predominantly localized on the C13–C14 bond,
whereas in bovine visual rhodopsin, this mode becomes
predominantly localized on the C11–C12 bond.

By analyzing the vibronic band shapes of type I and
type II rhodopsins, we get insight into the early-time
photoinduced nuclear dynamics of RPSB in the
excited state in different environments. Vibrational
modes that become excited upon photoabsorption are
remarkably different in KR2 and visual rhodopsin,
although their overall vibrationally unresolved pho-
MOSCOW UNIVERS

Fig. 2. Photoabsorption profiles of RPSB in KR2 rhodopsin (a) a
a Gaussian function with a half width at half maximum (HWHM
shown in shaded green. Also presented are the stick spectra (blue
with a HWHM of 4 cm−1. The numbers mark vibronic transition
on the C11–C12 (1) and C13–C14 (2) double bonds.
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toabsorption band shapes are alike. It has been shown
theoretically [34, 73–75] and experimentally [34] that
the corresponding C=C stretch and HOOP modes
play a major role in the subsequent photoisomeriza-
tion dynamics of RPSB, which occurs far beyond the
Franck–Condon region. Here, we show that the pro-
tein environment facilitates specific photoisomeriza-
tion of RPSB by initial excitation of the selected vibra-
tional modes right after the vertical transition to the S1
state in the Franck–Condon region. In this regard,
type I and type II rhodopsins act in a similar fashion
that ensures the efficiency of their photosensitive
ITY CHEMISTRY BULLETIN  Vol. 76  No. 6  2021
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Fig. 3. Active Franck–Condon modes of RPSB upon the S0–S1 transition in KR2 rhodopsin (a), visual rhodopsin (b), and iso-
lated all-trans (c) and 11-cis (d) isomers. Shown are the Huang–Rhys factors. Red arrows mark the HOOP modes with the cor-
responding Huang–Rhys factors indicated in square brackets. Note that the HOOP modes gain intensity in the protein environ-
ments.
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function. The question then arises how the protein
environment controls the selective excitation of those
vibrational modes that are subsequently involved in
the specific photoisomerization of RPSB.

It turns out that pre-twisting of RPSB about the
specific double bond in the protein environment of
KR2 and visual rhodopsin increases the intensity of
the high-frequency stretching and HOOP vibrational
modes localized on the twisted bond. These vibrations
facilitate the subsequent specific photoisomerization
reaction of RPSB from all-trans to 13-cis and from
11-cis to all-trans in KR2 and visual rhodopsin,
respectively. We have previously shown that pre-twist-
ing of RPSB has direct impact on vibrational modes
that become active upon excitation in the structurally
inhomogeneous protein KR2 [76]. The active site of
KR2 can adapt various RPSB conformations stabi-
lized by the nearest protein surrounding. Formation of
a strong hydrogen bond between the retinal Schiff base
and the RPSB primary counterion is found to be
important for pre-twisting of RPSB in its most stable
configuration, which, in turn, has impact on exci-
tation of those vibrational modes that are involved in
the photoisomerization reaction. Energetically less
stable conformations exhibit less twisted conforma-
tions of RPSB, providing an explanation for the origin
of non-reactive long-lived states in the excited-state
decay of KR2.

Type II rhodopsins largely rely on the intrinsic
properties of the isolated 11-cis RPSB chromophore,
which shows ultrafast excited-state decay in the gas
phase on a timescale of 400 fs [40]. This time is similar
to that of the RPSB photoisomerization inside visual
rhodopsin, where the primary ground-state photo-
product is formed in 200 fs [34]. The most recent
study, however, reports that the first step in vision
MOSCOW UNIVERSITY CHEMISTRY BULLETIN  Vol.
occurs exceedingly ultrafast in less than 50 fs, which is
associated with a passage of a coherent vibrational
wave packet through a conical intersection [77]. At the
same time, type I rhodopsins change both the time
scale and the specificity of the photoisomerization
reaction as compared to those in the gas phase. All-
trans RPSB decays in 3 ps in the gas phase at room
temperature, which is accompanied by rotation about
the C11–C12 double bond [40], whereas the chromo-
phore isomerizes from all-trans to 13-cis on a times-
cale of 180 fs in KR2 [27]. The markedly different
timescales of the isolated all-trans and 11-cis isomers
can be traced to the presence of a barrier that hinders
rotation in the excited state of all-trans RPSB. Indeed,
the excited-state barrier, which has been previously
obtained at the XMCQDPT2 level of theory, is small
(0.04 eV), yet non-negligible [40]. Therefore, the pro-
tein environment is likely to reduce the barrier heights
through steric and electrostatic interactions with the
chromophore in type I rhodopsins. Our results show
that both type I and type II rhodopsins indeed change
the conformation of RPSB, which becomes twisted
about certain double bonds inside the protein environ-
ment, thus facilitating specific photoisomerization.

Importantly, we also reveal that by pre-twisting of
RPSB, both types of the proteins alter the early-time
photoinduced nuclear dynamics in the excited state,
thus providing conditions for initial in-phase exci-
tation of those vibrational modes that are involved in
the photoisomerization. Indeed, the importance of
intramolecular multimode vibrational coherence in
the photochemistry of visual rhodopsin has been
demonstrated recently [78], and the high quantum
yield of the photoisomerization reaction is traced to
the dynamic phase relationship achieved at the conical
intersection by the modes involved in the reaction
 76  No. 6  2021
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coordinate. The vibrationally coherent and exceed-
ingly ultrafast primary reaction in vision thus directly
relies on the initial excitation conditions created by the
protein environment.

CONCLUSIONS
By using the high-level extended multi-configura-

tion quasi-degenerate perturbation theory combined
with the effective fragment potential method, we cal-
culate the photoabsorption spectral profiles of the
RPSB chromophore inside the active centers of
microbial rhodopsin KR2 and bovine visual rhodop-
sin and compare them to those calculated in the gas
phase. The analysis of vibronic band shapes allows us
to explore the early-time excited-state dynamics of
RPSB in different environments and to show that it
can significantly be altered by the specific protein
environment. Pre-twisting of the chromophore about
a specific double bond in the ground electronic state
inside these proteins enhances the activity of both the
localized C=C stretch and hydrogen-out-of-plane
modes upon photoexcitation. These vibrational
modes, which become excited in the S1 state, facilitate
the specific photoisomerization of RPSB from all-
trans to 13-cis and from 11-cis to all-trans in microbial
and animal rhodopsins, respectively. For the first
time, our findings provide a direct link between the
structure of the retinal-binding pocket and the early-
time reaction dynamics of RPSB inside microbial and
animal rhodopsins. We conclude that the role of the
protein environment is not only in changing the struc-
ture of RPSB, which most certainly alters its excited-
state potential energy surface through steric and elec-
trostatic interactions of the protein environment with
the chromophore, but also in providing conditions for
initial in-phase excitation of the fundamental vibra-
tional modes involved in the reaction coordinate.
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